Purpose: Zinc deficiency can induce serious clinical problems in the gastrointestinal (GI) system and immune system and can affect growth and development. It is more severe in younger patients. Chronic zinc deficiency is reflected more precisely in hair than in serum. We studied hair zinc levels and other hair and serum micronutrients in chronic malnourished children to identify which micronutrients are affected or correlated with the other ones. Methods: Hair mineral analyses were performed in 56 children (age, 1-15 years) presenting with malnutrition, poor growth, poor appetite, anorexia, with/without other GI symptoms (diarrhea, abdominal pain, constipation) from August 2012 to March 2015. Biochemical studies for macronutrients and major micronutrients were also conducted. Results: Hair zinc deficiency was diagnosed in 88%, and serum zinc deficiency was diagnosed in 55% of the children. There was no statistical correlation between serum and tissue zinc level. Hair zinc levels were highly correlated with serum vitamin D (r=−0.479, p=0.001), which also showed correlation with hair levels of magnesium and calcium. (r=0.564, 0.339, p=0.001, 0.011). Hair calcium level was correlated with serum pre-albumin (r=0.423, p=0.001). These correlations may explain the phenomenon that the major clinical manifestation of zinc deficiency is poor body growth. Clinical symptoms were resolved in most children after zinc supplementation. Conclusion: Hair zinc and mineral analyses are useful as a therapeutic guide in the clinical investigation of children with malnutrition and poor growth.
INTRODUCTION
According to the World Health Organization, malnutrition can be defined as "the cellular imbalance between supply of nutrients and energy and the body's demand for them to ensure growth, maintenance, and specific functions [1] ." In addition to protein-energy malnutrition such as kwashiorkor and marasmus [2] , children may be affected by micronutrient deficiencies, which also have a negative effect on growth and development. The most common and clinically significant micronutrient defi-Pediatr Gastroenterol Hepatol Nutr ciencies in children are deficiencies of iron, iodine, zinc, and vitamin A [1] .
The Academy of Nutrition and Dietetics and the American Society for Parenteral and Enteral Nutrition recently defined pediatric malnutrition (undernutrition) in the clinical setting as "an imbalance between nutrient requirements and intake that results in cumulative deficits of energy, protein or micronutrients that may negatively affect growth, development and other relevant outcomes [3] ." This revised definition produces consideration on 5 aspects: anthropometrics, growth, chronicity, etiology, and impact on functional status.
Zinc is an essential micronutrient for physiologic metabolism. Zinc has 3 major basic functions: to catalyze enzyme activity, contribute to protein structure, and regulate gene expression [4] . Symptoms of zinc deficiency are nonspecific, such as growth retardation, delayed puberty, erectile dysfunction, diarrhea, alopecia, glossitis, nail dystrophy, decreased immunity, and hypogonadism in males [5] . The gastrointestinal (GI) tract is the major site for regulating zinc homeostasis, which adjustments are made in both zinc absorption and zinc elimination through feces [6] . Zinc concentration remains constant in hair, skin, heart and skeletal muscle, whereas that in plasma, liver, bone and testis easily fluctuates [7] .
Over 25% of the world population has had risk of zinc deficiency [8] . There are only a few people in western or developed countries that suffer from zinc deficiency owing to their zinc-rich diet such as enhanced cereals, variant meats, and beans. On the other hand, in Asia or other developing countries, their traditional diet contains fewer zinc-rich meals, especially in infant foods. In addition, tests for zinc deficiency were not performed frequently, and zinc deficiency was only diagnosed by a small number of pediatricians concerned with zinc deficiency; therefore, there are more undiagnosed young patient than adults [8] .
Hair mineral analysis is a major assessment method used in nutritional balancing. It is more recently being used to test for analyzing indicators of nutritional status. It has some advantages owing to its noninvasiveness, low cost and philosophical relevance of mineral balance. Hair mineral analysis does not measure the total body load of a mineral, but it infers information about the metabolism of minerals in cells. Hair mineral analysis represents an average rate of mineral accumulation in the sample for over 2-3 months before sampling [9] .
We performed this study to investigate the prevalence rate of zinc deficiency from hair and serum levels, and that of other micronutrients deficiency in children presenting with delayed body growth, to identify which micronutrient deficiency affects or correlates with others, and to check the clinical improvement after supplementation of zinc in zinc-deficient children.
MATERIALS AND METHODS

Subject
A total of 56 pediatric patients (28 males and 28 females) who visited the Department of Pediatrics at the Hanyang University Seoul Hospital between August 2012 and March 2015 for resolving their medical concerns such as malnutrition, poor growth, poor appetite, with/without other GI symptoms were included. Zinc deficiency was considered as the primary reason for their symptoms in 34 children. The 19 children with major malnutrition-inducing causes as well as zinc deficiency were excluded. These other causes which could lead to malnutrition were tuberculosis, heavy metal intoxication, severe anemia, child abuse and stresses. By laboratory data, zinc deficiency was defined as serum zinc level below 80 μg/dL [10] and/or tissue zinc level below 16 mg/dL. Children who had taken zinc supplements at diagnosis were followed-up in the out-patient department during this period.
This study was approved by the Institutional Review Board (IRB) of Hanyang University Seoul Hospital (IRB no. 2016-07-017).
Anthropometric measurements
Height was measured using manual scale stadiometer (Harpenden; Holtain, Crymych, UK) and weight, with a digital scale Health-o-Meter (DS-102; Jenix, Seoul, Korea) calibrated prior to each measurement. Body mass index (BMI) was calculated with known formula: BMI=weight/height 2 (kg/m 2 ). The anthropometric percentiles were calculated using the 2007 Korean National Growth Charts [11] .
Blood and radiologic tests
The following evaluations were conducted: complete blood count, erythrocyte sedimentation rate, C-reactive protein levels, liver function tests, Mantoux test, iron, total iron-binding capacity, ferritin, thyroid function tests, total protein, albumin, calcium, phosphorus, alkaline phosphatase, zinc, vitamin D 2 , vitamin D3 electrolytes, immunoglobulins, urinalysis, stool examinations, Helicobacter pylori stool antigen, chest radiography, abdominal radiography, and wrist radiography. We investigated whether nutrient deficiency showed any correlation with hair mineral level.
Hair sampling and analysis
Hair samples were from the occipito-nuchal region of the head, within 3 cm of the hair line. All samples were stored in chemical-free, polypropylene containers until analysis. Samples were washed according to the Trace Elements Inc. (Dallas, TX, USA) recommendations, that consists of washing each sample with acetone, water, dextran (1% v/v), and HNO3. The purpose of washing is to remove foreign materials, including oil and exogenous metals. After samples were washed, they were cut into small pieces with surgical scissors and dissolved in preconditioned acidic tube. The hair solution was analyzed by a Perkin-Elmer Mass Spectrometer (Sciex Elan 6100; Perkin-Elmer Corp., Foster City, CA, USA) [12] . All hair mineral levels were reported in mg/dL. With this method, it is possible to evaluate the hair content of calcium, magnesium, sodium, potassium, copper, zinc, phosphorus, iron, manganese, chrome, nickel, mercury, cadmium, lead, aluminum, arsenic, beryllium, antimony, barium, boron, cobalt, germanium, lithium, molybdenum, silver, selenium, silicon, stannum, vanadium, zirconium, platinum, titanium, tungsten, bismuth, rubidium, thallium, and uranium.
Clinical investigations
Zinc deficiency was diagnosed if serum or hair zinc levels were below normal range. We divided the children into two groups according to zinc deficiency: children with zinc deficiency and those without zinc deficiency. We compared basic anthropometric differences and clinical symptoms. We performed statistical analysis to identify the correlation between micronutrient level and zinc level of hair or serum.
Zinc supplementation was prescribed in the form of zinc sulfate monohydrate (0.5-1 mg of zinc/kg, 20 mg of zinc/10 mL solution) for two weeks to 23 of 34 zinc deficiency patients. In the children decreased serum zinc levels, serum zinc examinations were checked in two weeks, and for those who still showed decreased serum levels, repeat doses were prescribed. Clinical and anthropometric improvements were assessed in 2 months after the prescription of zinc supplementation, with checking improvements of their appetite, amount of meal intake, GI symptoms, and tiredness, and increase in weight or height.
Statistical analysis
The data were analyzed using mean±standard deviation and Spearman rank-order correlation coefficient IBM SPSS Statistics ver. 21.0 (IBM Co., Armonk, NY, USA). Spearman correlation assesses monotonic relationships (whether linear or not). In a sample with no repeated data values, a perfect Spearman correlation of +1 or −1 occurs when each of the variables is a perfect monotone function of the other. Therefore the Spearman correlation between two variables is expected to be high when observations have a similar (or identical for a correlation of 1) rank between the two variables, and low when observations have a dissimilar (or fully opposed for a correlation of −1) rank between the two variables. The standard score (z-score) is the signed number of standard deviations by which an ob-Pediatr Gastroenterol Hepatol Nutr servation or datum is above the mean. Z is calculated as χ−μ/σ (χ, raw score; μ, mean; σ, standard deviation). The absolute value of z represents the distance between the raw score and the population mean in units of the standard deviation. z is negative when the raw score is below the mean, positive when above. For all analyses, p＜0.05 was considered statistically significant.
RESULTS
General characteristics of the subjects
The general characteristics of the 56 subjects are listed in Table 1 . Zinc deficiency was diagnosed in 88% (49/56) by hair analysis and 55% (31/56) by serum analysis among 56 subjects. Twenty-seven children showed zinc deficiencies both in hair mineral analyses and serum zinc levels. The mean ages of the children were younger in the zinc-deficient group (6.85±3.94 years) than the non-deficient group (7.05±4.42 years). There were more female children with zinc deficiency (male:female=16:18), but the sex ratio was inverse in children without zinc deficiency (male:female=12:10). The z-score of heights and weights were −0.79≤z≤2.78 and −0.61≤z≤ 3.43 in the zinc deficiency group and −0.73≤z≤ 2.18 and −1.00≤z≤2.90 in non-deficient group. Additionally, BMI z-scores were −0.93≤z≤3.06 in the zinc-deficient group and −0.96≤z≤2.26 in the non-deficient group. There was only minimal difference in height between the two groups (p＞0.05). The serum and tissue zinc level were 74.86±7.37 μg/dL and 9.71±5.13 mg/dL in zinc deficiency group and 97.92±22.78 μg/dL and 10.64±4.38 mg/dL in the non-deficient group.
Clinical manifestations of the subjects
Clinical presentations of all subjects are shown in Table 2 . There were no differences between the two groups. Both groups presented with poor weight and/or height gain and poor oral intake. However, GI symptoms were more common in among children with zinc deficiency (23.5% vs. 18.2%), with the rate of diarrhea and abdominal pain being very low in children with normal zinc levels ( Table 2 ).
Correlation between tissue zinc level and other nutrients' level
The zinc levels between serum and tissue had no statistical correlation (r=0.066, p=0.631), which meant there was no relationship between serum and hair zinc in the same individual (Fig. 1) .
Hair zinc levels showed correlation with hair levels of magnesium (r=0.564, p＜0.001) and calcium Pediatr Gastroenterol Hepatol Nutr Fig. 3 . Hair calcium, hair phosphorus, and serum pre-albumin were correlated with each other. Ca: calcium, P: phosphorus.
(r=0.339, p=0.011) with statistical significance, and with hair phosphorus despite no statistical significance (r=0.171, p=0.208). Hair zinc levels had a high negative-correlation with serum 25-hydroxy vitamin D (r=−0.479, p=0.001; Fig. 2) .
We also investigated whether there may be correlations among the micronutrient levels measured in serum and hair such as pre-albumin, copper, hemoglobin, iron, protein, albumin, calcium, and phosphorus. There were correlations between serum pre-albumin level and tissue calcium (r=0.423, p=0.001), serum calcium and tissue phosphorus (r= −0.320, p=0.027), and serum pre-albumin and tissue phosphorus (r=0.114, p=0.408; Fig. 3 ).
Clinical improvements after zinc supplementation
Zinc-deficient children who took zinc supplements for two weeks (n=23) showed clinical improvements. They regained their body weight, grew more, ate well, and complained of no abdominal pain or diarrhea. Those with serum zinc deficiency achieved normal serum levels except 1 patient who took repeat dose after 2 weeks follow-up (Table 3) .
DISCUSSION
The role of micronutrient deficiencies, especially zinc, in growth retardation has gained attention more recently [13] [14] [15] . Attained height is a result of Values are presented as number only, number (%), or mean± standard deviation. *Twenty-three children among 32 children were followed up.
the interaction between genetic nature and nutritional availability during the growth period. Nutrition plays an important role in the control of linear growth through various mechanisms. Studies performed on rats have shown results of decreased insulin-like growth factor I (IGF-I) concentrations with depletion of potassium, magnesium, or thiamine [16] . Vitamin D and calcium deficiencies also affect bone development, as manifested through rickets [17] . Deficiencies of other micronutrients such as iron, magnesium, and zinc may contribute indirectly to growth retardation by reducing the intake of other growth-limiting factors, such as energy and protein [18, 19] . In addition, several micronutrients, including zinc, iron, and vitamin A are associated with immune function and risk of morbidity, which affect growth in the long-term [20] .
Zinc deficiency in rats causes not only growth retardation but also decreased concentrations of IGF-I plasma and growth hormone (GH) receptors [21] . Zinc deficiency is known to affect bone metabolism [22] . Zinc's contribution in growth may be explained through its participation in DNA synthesis [23] . Zinc has direct effects on the primary hormonal system (IGF-I/GH) that controls growth in the postnatal phase. This is when the majority of stunting occurs.
We should be cautious in interpreting the relation between serum zinc and tissue zinc, as both imply marginal stages of deficiency during different biological periods. Chronic zinc deficiency is thoroughly evaluated by hair zinc levels measurements. On the other hand, serum zinc levels properly assess current zinc storage in the body of a healthy subject [24] .
Zinc was proven as an essential nutrient for rats and mice in the 1930s, for pigs in 1950s, and for humans in 1960s [25] . In the past 50 years, zinc's essential roles were discovered in biochemical and physiologic functions.
Zinc is ubiquitous in subcellular metabolism. Zinc is a catalyst for over 50 different enzymes [2] . Enzyme, classified as zinc metalloenzyme, decreases activity without effective form as zinc level, and enzyme activity can be recovered by restoring zinc storage level. Zinc plays a structural role in the form of zinc fingers [2] . Zinc fingers have 4 cysteines, which make up the general structure of the protein, and allows zinc to be bounded in a tetrahedral complex. Zinc fingers interact with variety of proteins, including those involved in cellular differentiation or proliferation, signal transduction, cellular adhesion, and transcription. The third basic function of zinc is regulation of gene expression [2] . Two basic components, consisting of a metal-binding transcription factor and a metal response element, are in the promoter of the regulated gene.
Physiologic signs of zinc depletion are explained with diverse biochemical functions rather than with a specific function, which makes it difficult to recognize biomarkers of zinc nutrition. Zinc is absorbed in the small intestine. Prolonged and severe decreases in zinc intake can significantly deplete the zinc stores in the body [26] .
Although zinc is a dietary trace element, it is one of the most abundant element in the cell. Approximately 95% of the body zinc is in the cells. A complicated extensive system of cellular zinc homeostasis maintains cellular zinc concentrations within a narrow range [27] . Serum zinc level is not a reliable measure of zinc storage; therefore, it is not recommended for routine screening. A presumptive diagnosis of zinc deficiency should be taken in the context of zinc-deficiency symptoms, signs of malnutrition (e.g., underweight, hypoalbuminemia), or conditions com-Pediatr Gastroenterol Hepatol Nutr monly associated with zinc deficiency [4] .
General mineral measurements include testing for contents in hair and body tissues such as liver, kidney, pancreas, blood and urine. These measurements show some differences [28] . Especially, studying hair mineral content is known to be a good method for measuring minerals absorbed in the body over a long period of time [29] , and other reports say that it is inappropriate to choose blood as the sample because minerals stay in the blood circulation for a very short time [30] . Further, minerals absorbed in the body accumulate in various tissues through blood, which firmly connects with hair follicle proteins, as a result mineral content per body tissue (mass) can be accurately measured in hair [31] . Other study confirmed that there could be deficits of micronutrients in hair analysis which represents accumulative amount in body although micronutrients in blood were normal [32] . These factors which were described in previous studies supports our result that serum zinc level was not proportional to hair zinc level.
Vitamins can affect zinc status. Vitamin-induced suppression of zinc can occur either directly or indirectly. Vitamin D can suppress zinc absorption through increased absorption of calcium. Also, by decreasing thyroid activity and increasing parathyroid activity, vitamin D contributes to zinc deficiency by decreasing its absorption [33] . Similarly, in our study hair zinc level had negative correlationship to serum 25-hydroxy vitamin D.
Zinc could significantly affect magnesium absorption in a regular diet [34] . Even though it has been reported that magnesium is primarily absorbed in the distal intestine while zinc in the proximal parts of the intestine [35, 36] , both minerals competed with the same transport mechanism in the small intestine. Calcium, especially in the presence of phytate, may interfere with zinc absorption [37] . Clinical data from balance and absorption studies in adults have been controversial with respect to adverse effects of calcium supplementation on zinc homeostasis [38, 39] . In our study, those two minerals (magnesium and calcium) were correlated to zinc in hair level. These results are different from previous studies, and could be attributed to different measuring methods (serum and hair).
Normally, zinc-supplementary therapy may be continued for 3 or 4 months. When initiated within 6 months after the onset of zinc deficiency, the positive response rate to therapy is 70% or higher. However, the response rate decreases if the therapy is delayed 6 months or longer, following the onset of zinc deficiency. Zinc overdose leads to inhibition of copper absorption in the small intestine, inducing copper deficiency, so occasional monitoring of serum zinc and copper is necessary during longterm zinc supplementation. Even though the therapy is considered as success, zinc supplementation sometimes can be continued for approximately 6 months or longer [40] .
The limitations of our study are that it was a retrospective study and was performed in a small number of the subjects. Despite these limitations, we could gather diverse information concerning micronutrient deficiencies, especially zinc deficiency by hair mineral analysis and serum levels, and observe clinical improvements after zinc supplementation.
In summary, hair zinc and mineral analysis are useful to assess the clinical status nutrition-related problems in pediatric patients. Hair zinc levels were highly correlated with serum vitamin D, which also showed correlation with hair levels of magnesium and calcium, which are also essential nutrient for external growth. Additionally, clinical problems were improved in most children after zinc supplementation. There was no statistical correlation between serum and tissue zinc level. Chronic zinc deficiency was implied more precisely in hair zinc level than in serum.
Further studies are required to reestablish the mineral nutrition status of children who present with other symptoms and also to analyze other nutritional status by hair analysis.
